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ABSTRACT

Despite.studies suggesting that meedaweedare poor dispersers,amy red algal
species areeported to haveircumglobal distributionsSuchdistributions have mostly
been based amorphological identifications, bumolecular datdaverevealeda range

of issuesswithymorphologically defined species boundaries. Consequently, the real
distribution ofsuchreportedlycircumglobalspeciesnustbe questionedn this study

we analyzed molecular datase{sbcL gene) of ninespecies in the Rhodomelaceae for
which samples were available from widely spaced geographical locations.oVeraé
patterns were identified: 1) species showing strong phylogeographic striietyure
phylogeneticsimilarity correlates with geographigarovenance), often to the point that
populations from different locations could be consideedifferent species
(Lophesiphonia obscura, Ophidocladus simpliciuscuRaysiphoniavillum and
Xiphosiphonia pinnulafa 2) species with a broad distribution that is explained, in part,
by putative"htmamediated transporSymphyocladia dendroideandPolysiphonia
devoniensis and 3) non-monophyletic complexes of cryptic specrest withamore
restricted distributiomhanpreviously thoughtHerposiphonia tenella, S. dendroidea
and theX. pennatacomplexthat includes the speci&s pinnulataandS.spiniferg).

This study shows that widely distributed speciegtageexception imarinered algae,

unless they have bespread byhumars.

Keywords introductions, new record, phylogeography, Rhodomelaceae,
Polysiphonieae, Pterosiphonieae, Herposiphonreak, species boundariespecies

complexes

INTRODUCTION
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Phylogeography of marine organisms is influenced by barriers to dispersal and
geographical distance, as well as by aspects of thehistery, physiology and ecology
(Jackson 1974, Palumbi 1994, Riginos et al. 2011¢. dspersal ability of seaweeds is
generally very limitedof the orderof tens ofmetersor less(Santelices 1990, Kinlan
and Gaines:20Q0PDestombe et al. 2009). However, lodigtancedispersal iknown in
brown seaweeds with buoyant structuffesser et al. 2009, Macaya and Zuccarello
2010), which can act as rafts promotingurnthe dispersal of the epiphytic species
that they hos(Fraser et al. 2013, Macaya et al. 2016, Lopez et al. 2017). Z1iB a
large proportion omacralgae are epilithicsotheir expected dispersal ability very
limited and cansequently their distribution range is expectée relatively small
Paradoxically; manynacralgal species are reported to be very widely or even globally
distributed.

Records are usually based only on morphological identificatibich can be
inaccurate'due to morphological plasticity within species as well as similarity between
cryptic speciesq.g., Verbruggen 2014, Schneider et al. 2017). Closer investigation of
material from distant regions using DNA data commonly leads tdisitevery of
cryptic species (e.gWon et al. 2009, Bustamante et al. 2014, Schneider et al. 2017).
Even though studies combining morphological aralecular datareincreasing DNA
databases are still very limited for most algadups and molecular tiaare often
available only for some regions. As a consequence, the true distribution of many
seaweed species should be regarded as uncé&anstudies have reassessed the
distribution-ef widely reported red algal species using molecular data from a broad
sampling.area. Complexe$look-alike species, as well as widely distributed species
have been'detectéduccarello et al. 199Fuccarello et al. 2002ZuccarelloandWest
2003¢Wonret-al. 2009). Among the widely distributed species, some exhibit high
genetic variability and strong phylogeographic structure that often distinguishes
populations from differentdsins (Zuccarello et al. 200BaWon et al. 2009). ther
widely distributed species lack phylogeographic signal, suggestinglistagice
dispersal processes bpknownmechanismgZuccarello et al. 2002a, Fraser et al.
2013). Therefore, red algal phylogeographic patterns are highly heterogeneous and
depend on evolutionary histories and dispersal abilities.

In addition to natural dispersal mechanisms, humadiatedvectors can transport

seaweedfrom native areas to other world regions and rapidly alter distribution patterns
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(Straub et al. 2016). More than 2@&l algal species have been considered as introduced
or cryptogenic in one or several regions (Thomsen et al. 2016). Cryptic introductions
are common in the red algae and non-native species often remain unnoticed until
diversity surveys use molecular tools (Mclvor et al. 2001, Zuccarello et al. 2002b, D
Tapiaretal=2013 2017a). Considering the low dispersal ability of non-buoyant
epilithicred algaewe hypothesiz¢hatthe distributionof mosttruly cosmopolitan
speciecan‘beexplained byhumanmediated transportwhichis frequently provided

as a potentiatxplanation forwide distributons ofspecies (Zucarello et al 2002a,b,

Fraser et .al2013).

The Rhoedomelaceae, with >1,000 recognized species, is the most diverse red algal
family (Guiry andGuiry 2018) It includes numerous examples of widely reported
speciesand,.as in most red algal groupsyptic diversity is commofe.g.,Zuccarello et
al. 2002aDiazTapiaandBarbara 2013, Bustamante et al. 2014, Savoie and Saunders
2016, Zuccarello et al. 20L.8Among the red algae the Rhodomelaceae accounts for the
largest number of introduced species (Williams and Smith 280&Mmbersof this
family are often major components of algal turfs where caifiopying brown algae
with buoyant'structures are rare as asamuence of the stressful conditions imposed by
the presence of sediment (Airoldi 1998, Diaz-Tapia et al. 30TBa&s makes the family
a good.candidate to test hypotheses about species distributions and phylogeographic

patterns.

The objeective of this paper is to reassessitioe reporteddistributiors of nineturf-
formingspecies of the family Rhodomelaceae using DNA sequebsasy molecular
data from-distant locations witheach species' reported distribution range ewaluate
whethertheseare indeed widely distributexpecies, analyzde observed
phylogeographic patterns, and consider whethesetbpeciemay have been introduced

into one_or several regiory/ human activities.

MATERIALS AND METHODS

Material ofHerposiphonia tenelld_ophosiphonia obscur@®phidocladus
simpliciusculusPolysiphoniavillum, P. devoniensisSymphyocladia spinifer&.
dendroideaXiphosiphonia pennatandX. pinnulatawas collected in Norway, United
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120  Kingdom, France, Spain, Portuglhly, Brazil, Chile, Australia and South Africa

121 during general sampling surveys of the family RhodomelaCest#e Slin the

122 Supporting Information)All these species form epilithic turfsost of them on

123 intertidal sanecovered rocks (Womersley 20@3iazTapiaandBarbara 2013).

124  Lophaosiphonia obscuraasfound in North Atlantic brackish water csial lagoons or

125  estuaries, an8ymphyocladia dendroideeas collected in Australian and Chilean

126  shallowsubtidalturfs Distribution maps of records for these speékgs 1-3 lineg

127  were drawn up based on information available in AlgaeBadeeferences therein

128  (Guiry and Guiry 2018).

129 DNA was extracted from silica geried material following SaundeasdMcDevit

130 (2012), wsingithe Qiagen DNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany) or
131  the Promega Wizard Magnetic 96 DNA Plant System kit (Promega Corporation,

132 Madison, USA), following the manufacturer's instructions. PCR amplification was

133 carried oufor therbcL gene using primers F7/RrbcStart, F7/R893 or F57/rbcLrevNEW
134  (Freshwateand Rueness 199MamoozadelandFreshwater 201 1Saunders and

135  Moore 2013)as well as the newly designed primers F2

136 (TGTCTAACTCTGTAGAACAACGGA), F8 (ACTCTGTAGAASAACGGACAMG)

137 R1008 (AACTACTACAGTACCAGCATG), R1464

138 (AACATTAGCTGTTGGAGTTTCYAC) and R1452

139 (TGGAGTTTCYACRAAGTCAGCTGT).Names of these primers indicate their

140  position in thebcL gene (e.qg., first base of F2 primer corresponds with the second base
141 of therbcL gene).PCR eactions were performed in a total volume of 25 ul containing
142  1x MyTaqTM reaction buffer).28 uM of forward and reverse primers, 0.125 udis

143  TaqTM DNA Polymerase (Bioline, London, UK) and 1 ul template DNA. The PCR
144  profile consisted of initial denaturation (93°C for 3 min), 35 cycles of denatrati

145  (94°C for 30 s), primer annealing (45°C for 30 s), and extension (74°C for 90 s) and
146  final extensian (74°C for 5 min). The PCR products were purified and sequenced at
147  Queen's:University of Belfast on an AB3730xI DNA Analyzer (Applied Biosystems,
148  Foster City, CA, USA) or commercially by Macrogen or the sequencing service of the
149  Universitymof A Corufia.

150 A total of 128newrbcL sequences were generated in this study and an additional
151 91 sequences were downloaded from GenBank (Table S1). Length of sequences ranged
152  from 585 to 1467 (Table S1). Sequences were aligned using Muscle in Geneious 6.1.8
153  (Kearse et al2012) As a first stage, we analyzed these sequences intekodatasets
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154  for the tribes Herposiphonieae, Pterosiphonieae, Polysiphonieae and Strebledtadiea

155  verify that the target species were monophyletic. Based on the resulting trees, we

156  selected all sequences corresponding to the species (or group of closely related species)
157  that are the focus of this paper. These datasets weraethalyecies by species using

158  the unweighted pair group method with arithmetic mé#PGMA). Fortwo complexes

159  of nonsister Speciem our initial taxonrich trees ymphyocladia dendroidesand

160  Herposiphonia‘tenella we included wider species sampling considering the available

161  data forgthe respective gendiiable S1) We performed maximum likelihood (M)

162  analyses separately for each of the two geusirsg RAXML 8.1.X (Stamatakis 2014).

163 GTR-Gamma was used as the nucleotide model and branch support was estimated with
164  1000boetstrap replicates. Three specieXiphosiphoniaandDipterosiphoniawvere

165 seleded as the respective outgroups for 8yenphyocladiandHerposiphoniarees

166  based on ourjphylogenomic analyses of the major lineages of the Rhodom@aeae

167 Tapia et al2017Db).

168

169 RESULTS

170  The taxonomy of several of the studied species is congplddetails argrovidedin

171 Appendix.S1 in the Supporting Information.
172 Ophidocladus: simpliciusculus

173 Ophidoeladus simpliciusculugas collected in four out of the six world regions where it
174  has been reporteérig. 1a). The UPGMA analyses included 15 newly determrbed

175 sequences and two downloaded from GenBank (Table S1). Sequences comprised four
176  haplotypeskig. 1b): haplotype 1seven samples from Europe (Atlantic and

177  Mediterranea)) haplotype2, six samples fromiustralig haplotype 3, onsample from

178  SouthsAfrica;zand haplotype three samples from Brazil. The South African sample

179  differed'byonly 0.1% (1 bp) from the Australian samples, while Brazilian samples were
180  the mostdivergent (up to 0.8% and 11 bp) fikamples from other regions. Our results
181 indicatesthaD. simpliciusculusasa uniquerbcL haplotypein eachregion, but it has a

182  strong phylegeographic structure.
183

184  Lophosiphonia obscura
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Lophosiphonia obscurhas been reported in the Atlantic and Iitkeific and
sequences are available from Europe and Ausifiia 1c). Furthermore, our dataset
also includedPolysiphonia hemisphaerideom Norway andP. boldiifrom Texas, USA
which may be conspecific as suggested bydierbcL divergence with.. obscura(see
Appendix=St)We analyzel six newly determinetbcL sequences and two downloaded
from GenBank foL.ophosiphonia obscura, Polysiphonia hemisphaeaodP. boldii
(Table S1)"Four'haplotypes were foukig( 1d): 1) four samples from Spain (Atlantic
and Mediterranean) ardorway, 2) a sample from the United KingdoB) a sample
from USA; and 4) two samples from Australia. Atlantic samples differed bY) 2%

(1-2 bp),.while Australian samples were 0.7-0.9%94 {3-divergent from the Atlantic
samplesy Qurresults indicate that the lineage formed by these three taxa is moderately

variable inthe North Atlantic, and is clearly separated from the Austraicgulations.

Polysiphonia villum

Moleculardata were obtained from two regions whlysiphoniavillum (asP.
scopulorumuar. villum, seeAppendix S1) had previously been reportey(1e).
Furthermore, it was alssampled in Spain, the French Mediterranean and Australia,
where it isshere newly recorded. The 13 sequences determirfedvittum and the two
downloaded from GenBank (Table S1) belong to three haplotifmpsl{): 1) four
samples from Australia, 2) three samples from Brazil and 3) eight samples from the
North Atlantic (North Carolina, Spain and France). Australian samples we€e6¥b

(4-7 bp) divergent from the Atlantic samples and the Brazilian sequences differed by
0.2% (2.bp).from the North Atlantic samples. ThRsyillum shows a clear

phylogeographic structure.

Polysipheniadevoniensis

Qur dataset included samples from the previously recorded distribution iniétlant
Europe, as well as from the northwestern Mediterranean (Italy and France), iditecAdr
Sea (Italy) and Victoria (Australia), from whdPe devoniensiss here recorded fahe
first time (Fig. 2a Table S1)Furthermore, sequenceskfkaprauniifrom North

Carolinawere also includeth our datasefseeAppendix S). Analyses including an
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rbcL sequence oP. kaprauniifrom GenBank and 21 newly determined sequenc®s of
devoniensigTable S1) showed eight haplotyp&gg( 2b). One haplotype was found in
the northwestern Mediterranean, Atlantic Spain and Australia; one occurhed in t
Adriatic Sea and the northwestern Mediterranean; and six haplotypes were each
representetdy a single sampl@wo from Wales, two from the Adriatic Sea, one from
the northwestern Mediterranean and one from North Carolina). The North Carolina
sample identified aB. kaprauniiwas 0.2-0.3% (3-4 bp) divergent from two of the
European samples (PD301 and PD2430). These three samples differ from the others by
sequence divergences 6l14% (12-18 bp), while divergence between the other five
haplotypes is/0.1% (1-9 bp).The lineage formed by samples assigneld.to
devoniensigndP. kaprauniihas ahigh genetic diversity and the distribution of

haplotypesacks geographic structure.

Symphyocladia dendroidemmplex

Sequeneess@ymphyocladia dendroideae available from most of the previously
known distribution (British ColumbiaZalifornia,Chile, Peru, Japan and the
Mediterranean)Some of these sequences were labelldta®siphonia tanakagsee
Appendix.S). Furthermore, we collected this species in a Galician marina
(northwestern Spain) and in Australia (Victoria), where it is here recorded for the first
time (Fig. 2c).

Therbelk data forSymphyocladia dendroideaveal cryptic diversity ithe
Americaspassspecimens from PeandChile and specimens froBritish Columbia
(here referred aS. dendroide&) do notconstitute a cladd={g. S1in the Supporting
Information Table S) In addition to these regions, both weseordedn California.
Symphyocladia dendroidesiresolved as sister & parasiticawith high support, while
S. dendroide@ isplacedin a moderately supported clade together Bithrevicaulis
andS. baileyi(Fig. S1) Molecular data show th& dendroidedas a wide distribution
in the Pacific and occurs in some European locatishie S. dendroide@ is

apparently restricted to Pacifidorth America

In total, 28rbcL sequences wem@alyzed foiSymphocladia dendroidgéaome
sequences labelled 8stanakagseeAppendix S) including 13 newly determined and
15 downloaded from GenBank (Table S1). The UPGMA dendrogram shows seven
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haplotypesKig. 2d) of which five comprise samples from Pacific South America, one
includes samples from Australia and Japan, and the cbherstof samples from
California and Europe. Maximum variability between South American haplotypes is
0.6% (8 bp), and sequence divergence between them and the two other clad&%ois 0.4-
(3-9 bp).-These levels obcL variation suggest thalis entitymayconsst of multiple

species/or highly differentiated populations.

Xiphosiphonia pennateomplex including X. pinnulataandSymphyocladia spinifera

Xiphosiphonia pennathas beemeported in the Atlantic and Ind@acific (Fig 2e) and
this morphelogical species is a complex of at least thoeesisterspeciesTheir
taxonomy has beamrsolved with the clarification of the identity X¥f pinnulataandsS.

spiniferathat have been misidentified AspennatgseeAppendix S1).

At present, 39bcL sequences (16 newly determined and 23 downloaded from
GenBank) are available f@ymphyocladia spinifefaom California, Pacific South
America, Australia and Korea (Figf). The UPGMA shows 10 haplotypes of which
four correspond to Kean samplegpur to Peruvian samples, one to Australian samples
and one tosa,\Washingtoniaample (Fig 2f). Sequence divergence among haplotypes is
up t00:9% (7 bp). Australian samples match the morphological concept of
Xiphosiphonia pennatdut our molecular data reveal that none of them grouped with
the EuropealX. pennatdut instead are mostly closely relatedstaspinifera
ThereforeX®pennatashould be excluded from the recorded Australian flora and
replacedibyss spiniferalnterestingly, all the Australian samples belong to a single

haplotype, which contrasts with the four haplotypes found in both Peru and Korea.

Xiphosiphonia pinnulataequences were resolvedtiaseehaplotypes of which
two weresfound in European samples and or@rarzilian samplesHig. 2g). Sequence
divergence.among them is up to 0.7% (9 bp) and between the two European clades is up
to 0.3%.(3bp)X. pennatavas only found in the Atlantic Iberian Peninsula. Therefore,
the widely.reporte. pennatgasPterosiphonia pennajds apparently restricted to
European shoreX. pinnulatais restricted to the Atlantic, where it hasteong
phylogeographic structure with divergences that may even suggest they are separate
speciesS. spiniferds restricte to the Pacific and it has a high genetic variability

between regions and within regions in Korea and South America.
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Herposiphonia tenellaomplex

In total, 27rbcL sequences were obtained for samples morphologically identified as
Herpaosiphonia tenellrom Europe North Americaand Queensland (Australigig. 3).
They were"analyzed together with the availabkt data for the genus (1dpecies).

The phylegeny.resolveld. tenellain sevenineages, four from the Atlantic and three
from QueenslandFig. 4). Sequence divergence amonglitteageswvas at least 1.9%,
while divergence within them was up to 0.7%. Only two of thieeages were resolved
as sisters (1-2.1% sequence divergence), while the others, despite morphological
similarities,weremore closely related to otheneages Thus,Herposiphonia tenellés

a large species complex that requires taxonomic revision to better undestaygtit
diversity andthe distribution of the resulting new species. Its type localitythg i

Mediterranean, where three of the four Europl@aages were collected.

DISCUSSION
Species complexes

In this work wedetectedseverakcomplexes of nosisterspecies Xiphosiphonia
pennataSymphyocladia dendroideadHerposiphonia tenella Also, we found
speciedevel taxa that represent monophyletic lineages containing several haplotypes
that in most'€ases adéstributedin accordanceavith geographic region3.heycould

also be/classified as species complexes, as sequence divergences between haplotypes
are often largéup to 1.4%), possiblevidence for multiple species. Interpretatof
genetic'divergenceshen delineahg species boundaries vary among authors. For
example Melanothamnus harveyi/japonicasd other closely related species have been
interpretedsas:a single speciath an intraspecific variabilityin therbcL gene< 2.1 %
(Mclvoret:al«2001, aBolysiphonid or as a species complaxwhich interspecific
variabilitysin therbcL gene is 0.3-0.7 % (Savoie and Saunders 2018gasiphonia

The species.concept has béetly debated, but there is a general consensus that
speciation is a process that takéacewhen gene flows interruptedas a consequence

of isolation of populations (Coyne et al. 1988liaert et al. 2014)in the present work,
assessingpecies boundariegas not always straightforward, and we used information

based omenetic divergencespecies distribution and, in one lineage, interbreeding
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experimentslescribedy Ruenes$1973).The first scenariave encounteredonsists 6
speciewith a variety of haplotypes found in distant locatid@eneticisolation by
distance seems obvioaensidering our datand, in some caseshere the divergences
between distant populatioaserelatively large(< 0.9%), one might consider them
differentspecieqOphidocladus simpliciusculdsom Europe vsBrazil vs
Australia/South Africal.ophosiphonia obscurtom the North Atlantioss. Australia,
Polysiphonia villurrfrom theAtlantic vs. Australia andXiphosiphonia pinnulat&rom
Brazil vs. Europe). Howevethelow number of samples some regions @peciesas
well as thdack of sampling inotherregionswhere these species were recordechay
be still unknowmrecludes alefinitive conclusion. Perhaps the obserlaade sequence
divergences hetwedhelineages within these specisuld be less evidenwith larger
datasetsA second scenaris similar to the formems it consists of species with a
variety of haplotypedyutin this case severabhplotypesharethe samaistribution(P.
devoniensisSymphyocladia dendroidea, S. spiniferBhus,despiterbcL divergences
among some haplotypes (.4%) being even larger than in the previous graup (
0.9%), whether they arat presenteproductivelyisolatedand should be considered as
distinct speciess uncertain. Interbreeding experiments raagist tcclarify if these
species.should be considered as distinct arWabile successful reproduction may have
multiple interpretations (Leliaert et &014),unsuccessfuleproduction indicates
reproductive incompatibilityThe third scenario we found in this work is represented by
Lophosiphonia obscurahoseeastern and westeAtlantic populationsave low
genetic distances (0.1-0.2 %) in tibel gene, analso in the more variablmxl

marker 0.6-1.2 %, HQ412544-&sP. hemisphaericandP. boldii, MF094025).
Despite thiscrossing experiments demonstrate that isofabes Texasandfrom
Norwayfail to produce fully fertile progeny (Rueness 19a8P. hemisphaericandP.
boldii)=This.suggests thaliese two populations are reproductivisiylated and that
divergent'selectiomay beacting on thespopulationsutrbcL andcoxl gene
sequencedomnot reflect this isolatio(Nosil et al. 2009)These three scenarisow
different@volutionary patterresven amonglosely related speciés.g.,P. villumvs P.
devoniensigstherefore, application of genetic distances in delineating species
boundaries should be evaluatada case by case badi¢hile thesearevery interesting
issues from a taxonomic perspectiiey arenot the focus of this paper. From a
phylogeographic point of view, whether these closely related monophyletic lineages are
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345  different species or not is of minor importancecause either way they share a

346 common ancestor from which several genetic entities evolved.
347
348  Phylogeographic patterns

349 The paradox between expected dispersal limitg@mtelices 199 Kilan and Gaines
350 2003) and wideeportedspecies distributions led ushgpothesizehatsuch widely
351 distributed speciesould eitherhavestrong phylogeographic structureveere spread
352 by humas. Qur results confiredthese hypothesesd exposed third scenarip where

353 the morpholagically defined species was in facbmplex of norsistercryptic species.

354 Three of the species exhibit genetic variabwitgh clear phylogeographic structure
355 in Australiasand the North and South Atlanti©@phidocladus simpliciusculus

356 Lophosiphenia obscurandPolysiphoniavillum). This result is1ot urexpected

357 considering that genetic divergence is promoted by the isolation among populations
358 separatéd by large geographic distances (Palumbi 1994). However, the observed genetic
359 divergence isrelatively lows(0.9%) considering thaustraliaand the North and

360  South Atlantic have been separated since about 80 My (Jordan et al. 2016). Therefore,
361 rather thamthis genetic divergence resulting feam80 My old vicariant evolution,

362 long-distancalispersal processes acting on a common ancestor and subsequent

363 divergence into differentiated populations are invoked to explain the observed patterns.
364 Mechanisms responsibler this longdistance dispersal aobscureconsidering that

365 thesespecie=ither occur in coastal lagoons/estuariesrosandcovered rocks where

366  buoyant'macroalgae that can act as raftsaapef{Airoldi 1998, DiazTapia et al.

367 2013a)./Mvlecular datdnave provided evidence for lomtistance dispersat other red

368 algd speciedhut mechanisms remain unknown (Zuccarello et al. 2002aer et al.

369 2013. Thegeneticseparatioramonggeographicallyistant lineagemay indicatethat

370 long-distance dispersal occursadbw rate Alternatively, densitydependent processes

371 are involved.and once a population colonizes a new réggwavents thestablishment

372 of latecomergWaters et al2013).Furthermore, available data for the three species

373 mentioned above indicate different evolutionary histories and/or dispersal fpaths

374 instance, irL. obscuraandP. villumthe largest sequence divergences are between

375  Australian and Atlantic populationshereas irO. simpliciusculugshe Australian
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haplotype is relatively close to South African and European haplotypes but the

divergence across the Atlantic (Brazil ¥irope) is much larger.

Several species showed a diversity of haplotypes sharing the same region: the
Pacific Symphyocladia spiniferandS. dendroideaas well as the AtlantiBolysiphonia
devoniensisThe origin of this diversity must be related to processes of isolation that led
to genetic differentiation, followed by local dispersal evetsfor Ophidocladus
simpliciusculusLophosiphonia obscurandPolysiphonia villumdispersal mechanisms
for S. spiniferaandP. devoniensiareunknown. In contras. dendroide&as been
reported’growing on stranded holdfasts of the floating Rlg=illaea antarctica
(Macaya etal. 2018.6pez et al. 2017, 2018), which could contribute to dispefta

genetic differentiation influencets genetic structure.

The disjunct distribution of a second group of spedtesdySiphoniadevoniensis
andSymphyocladia dendroideaan beexplained by human-mediated introduction
events. The human transport of species from native (donor) to introduction (récipient
regions causes the rapid expansion of species’ distribution and alters natural
phylogeographic gtterns (Straub et al. 201@he discovery oP. devoniensif
Victoria.(Australia), exhibiting a single haplotype that is also present in Europe,
suggests thatithis species has been introduced into this country from Euroidy poss
Atlantic-Spain: or the NW Mediterraneg®ymphyocladia dendroideeas recorded as
an introduced species in the French Mediterranean in 2005 (Boudouresque and
Verlaque»2008, aB. tanakag and our recent discovery of the same haplotype in a
marina in Atlantic Spain probably represents a secondary introduction and stiggjests
the specigiis spreading in Europe via hull fouling. The presence of several genetically
separated lineages 8f dendroide@n Pacific South America contrasts with the
occurrence of.a single haplotype in Japan, Australia and California. Japan aradigdustr
have the same haplotype, suggesting that one or both populations could be introduced.
Genetic diversity of seaweeds in the introduced regions is either similar or reduced
relative to.the native area (Mclvor et al. 2001, Voisin et al. 2B@&/an et al. 2008,
Geofroyet al. 2016). The finding of diverse haplotypes in the introduced region is
indicative of an introduction involving several haplotypes or multiple introductions,
depending on the phylogeographic structure in the native area (Mclvor et al. 2001,
Voisin et al. 2005, Geoffroy et al. 2016). A single haplotype of Bottlendroideand

P. devoniensibas been detected in the areas where the introduction of these species is
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certain, suggesting that their introduction is the result of a single event in avbicle
haplotype was involved. However, much more complex scenarios could explain the
observed patterns and a better understanding of the phylogeographic patterns in native

and introduced areas would be needed to elucidate the introduction dynamics.

Thethird group of species anabd here involved species complexésonsister
cryptic speciegXiphosiphonia pennatancluding X. pinnulataand Symphyocladia
spiniferg.S..dendroideaandHerposiphonia tenella In both cases species found in the
Atlantic and Pacific basins differ, but in addition several species were found with
overlapping distributions isome regions of each basin. Therefore, the distribution of
these widely'reported species is much narrowaar fireviously thought. Cryptic algal
species often involve a group of morphologically similar species that arecgdigeti
differentiated, but resolve as a monophyletic group (Zuccarello et al. 2002a, Won et a
2009, Payo et al. 2013). However, exampleson-monophyletic cryptic Specie%
have also"been documented in the red algae (Zuccarello et al. 2018). Morphological
similarity'amoeng nofmonophyletic groups of cryptic species can be explained by
evolutionary convergence, morphological stasidemelopmental constraintsdliaert
et al. 2014, Zuccarello et al. 2018). pennataS. spiniferaandS. dendroideare
placed ima tribe (Pterosiphonieae) with high morphological variation ranging from
filiform.to*foliose specieg¢DiazTapia et al. 2017b). The body plan of both species is
filiform, among the simplest observed in the tribe, and morphological stasis is a
plausible explanation for their similarityn the tribe Herposiphonieae all species are
very similarin morphology, with limited differees in their body plans (Didzapia et
al. 2017b) andhe cryptic diversity irHerposiphonia tenellanight result from
morphological stasis or developmental constraints.

Understanding the processes underlying phylogeographic patterns requires the
studyof numerous specimens from across the entire distribution of the species. In this
regard, we recognize important limitations in our work that prevefmbosfully
elucidating.causes of the observed phylogeographic patterns, leading to some tentative
conclusiens about the potenlyaintrodued statuof some of the analyzed populations.
However, most of the species treated here are rare in all or part of their known
distribution rangesoimprovingthe datasetsvould be very difficult. For example,
Lophosiphonia obscuradespite being widely reported, is very rare in the regions here

studied: the sample from the UK used in this study is the first one colleated1€70
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442  (Maggsand Hommersand 1993). In Spain, we found it only once in the Atlantic and
443  once intheMediterranean, and the species is here recorded for only the third time in
444  Australia. Our work should thus be interpreted as one of the first attempts to anderst
445  phylogeographic patterns of widely distributed red algal species. Even though the
446  evolutienary-historys not well known our analyses provide clear examples of 1)

447  species/iwith wide distributions and strong phylogeographic structure thatséfiect

448  geographical distanc@) speciesvith abroad distributiorthatcan be only explained by
449  humanmediated transport; and 8pecies complexes in which narmonophyletic

450  cryptic diversity has been found . This studgicatesthat widely distributed species

451  are the ‘exception in red algae, except when lia@g beespreadoy humans.
452
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623  Figure legénds

624  Figure 1 Distributionand UPGMA unrooted distance phylogram basedboh

625  sequencesf (a, b)Ophidocladus simpliciusculugc, d)Lophosiphonia obscurgas

626  PolysipheniahemisphaeriandP. boldiiin Norway and Texas, respectively, see

627  Appendix,S)yand(e, f)P.villum. In panelsa, c andg, circles indicate the regions from
628  which sgequences are available and their edludicate the distribution of haplotypes.
629  Areas outlinedn red are regions whe the species igcorded for the first time.

630 Coastline in black shows the reported distribution (Guiry and Guiry 2018). In@anel
631 blackcoaslines represent the recorded distributioophosiphonia obscuraedline

632  P. hemisphaericandyellow lineP. boldii. Scale bars: 5 mnm (a), 8 mmin (c), 6 mm
633 in (e).

634  Figure 2 Distribution and UPGMA unrooted distance phylogram baseth@n

635 sequences«dh, b)Polysiphonia devoniens{asP. kaprauniin North Carolina)(c, d)

636  Symphyocladia dendroideand (e, f, g)5.spiniferaXiphosiphonia pennata/

637  pinnulata Symbols are am Figure 1, andige divisionsin panelsa, ¢ and éndicate

638  proportions of each haplotype when multiple haplotypes were present. Irepeinges
639  with white"border correspond & spiniferaand the ones with black borderXo

640 pinnulatasEncircled areas marked with red color are regions where the species are here
641 recorded for the first timén panel a, black lines represent the recorded distribution of
642  P. devoniensiandredline the distribution ofP. kapraunii In panelc, black lines

643  represent the recorded distributionSofdendroideablue lines the regions where it was
644 recorded a$. tanakagredline the region where molecular data demonstratedthat
645 dendroidea?.is presenthe asterisk indicates the area where I$ttlendroide& and

646 S. tanakaevere reported based on molecular datad plus symbols the regions from
647  which sequences . dendroide& are available. Ipanel ¢ black lines represent the
648 recorded distribution oX. pennatayellow lines the regions where molecular data

649  showed the presence $fspiniferainsteadX. pennatared lines regions where on¥y

650 pinnulatahas been recorded based on molecular data and blue line the region where
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both X. pinnulataandX. pennatéhave been recorded based on molecular. &atae

bars: 6 mmn (a), 7 mmin (c), 4 mmin (e).

Figure 3 Distribution ofHerposiphonia tenellaAsterisks indicate the regions from

which sequences are available. Scale bar: 1 mm.

Figure 4RAXML tree based orbcL sequences of the gendgrposiphonia Samples
that morphelogically correspond wikherposiphonia tenellare in bold. Bootstrap
values arendicated on the nodes when > 8 (Belize), CA (Canada), Cl (Canary
Islands); FR(France), IN (India), IT (Italy), KO (Korea), NC (North Carolina), PO
(Portugal), QL (Queensland), SP (Spain), WA (Western Australia), VIC (Victoria).

Appendix:SkyTaxonanic notes.

Table S1. GenBank accession numbers of thel. sequences included in the UPGMA

and phylogenetic analysis.
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Herposiphonia tenella IP1 MG975652 IT
Herposiphonia tenella IP1 MG975653 SP
Herposiphonia tenella IP1 MG975654 SP
Herposiphonia tenella IP1 MG975655 SP
881 Herposiphonia tenella IP1 MG975677 SP
20 Herposiphonia sp. MF094071 QL
Herposiphonia tenella QL3 MG975666 QL
_100| Herposiphonia tenella QL3 MG975667 QL
100 Herposiphonia tenella QL3 MF094072 QL
Herposiphonia sp. WA2 MF094073 WA
100 pre— [erposiphonia insidiosa KT825868 KO
! Herposiphonia parca JX828127 KO
Herposiphonia tenella IP3 MG975662 PO
Herposiphonia tenella IP3 MG975678 FR
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100

Herposiphonia tenella IP3 MG975661 PO
Herposiphonia tenella IP3 MG975658 SP
Herposiphonia tenella IP3 MG975659 FR
100 Herposiphonia tenella IP3 MG975660 SP
Herposiphonia tenella Cl4 MG975648 CI
ﬁl Herposiphonia tenella Cl4 MG975646 CI
Herposiphonia tenella Cl4 MG975647 CI
100y Herposiphonia sp. WA3 MF094074 WA
e Herposiphonia versicolor NC035279 VIC
Herposiphonia plumula KU564517 CA
Herposiphonia pecten veneris KU551922 BE
100 , Herposiphonia tenella QL1 MG975663 QL
_I Herposiphonia tenella QL1 MG975664 QL
Herposiphonia sp. WA2 MF094075 WA

_: Dipterosiphonia australica NC035288 VIC
i Dipterosiphonia dendritica 1 MF094058 WA
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Dipterosiphonia dendritica 2 MF094059 WA

0.02

This article is protected by copyright. All rights reserved



